Previous work has demonstrated that the surface glycoprotein (gp120) of human immunodeficiency virus-1 (HIV-1) can induce damage and apoptosis of neurons both in vitro and in vivo. In this report, we provide evidence that double-stranded RNA-activated protein kinase (PKR), a stress kinase, is involved in HIV/gp120-associated neurodegeneration. In cultures of mixed cortical cells, HIV/gp120 increased the protein level of PKR. Additionally, PKR was phosphorylated in neurons but not glia after exposure to gp120. The use of two independent pharmacological inhibitors of PKR activity abrogated neuronal cell death induced by gp120. Cortical neurons from PKR knock-out mice were significantly protected from neurotoxicity induced by gp120, further validating the pivotal proapoptotic function of PKR. gp120-induced phosphorylated PKR localized prominently to neuronal nuclei; PKR inhibition or the NMDA receptor antagonist MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate] abrogated this effect. PKR inactivation also inhibited gp120-induced caspase-3 activation, consistent with its neuroprotective effect. Finally, brain tissue from individuals diagnosed with HIV-associated dementia (HAD), but not HIV infection alone, contained the activated form of PKR, which localized predominantly to neuronal nuclei. Together, these results identify PKR as a critical mediator of gp120 neurotoxicity, suggesting that activation of PKR contributes to the neuronal injury and cell death observed in HAD.
Introduction
Human immunodeficiency virus-1 (HIV-1) invades the CNS at an early phase of infection and induces progressive symptoms of motor and cognitive dysfunction as well as behavioral changes designated HIV-1-associated dementia (HAD) (McArthur et al., 2005) . HAD is a neurodegenerative syndrome that results from damage to synapses and death of neurons in brain regions, such as the hippocampus, cerebral cortex, and basal ganglia (Mattson et al., 2005) . Because neurons are not productively infected by HIV-1, the pathway of neuronal damage and apoptosis during this lentivirus infection is not completely understood (Kaul et al., 2001 ). Nonetheless, evidence supports the complex role of such diverse factors as viral proteins, infected microglia/macrophages, and proinflammatory mediators, and their subsequent release of toxins, which leads to neuronal insult and HAD pathogenesis (Lipton and Gendelman, 1995; Kaul et al., 2001 ).
The HIV-1 surface glycoprotein 120 (HIV-1/gp120) is among the contributing viral factors that may induce neuronal damage and apoptosis through indirect and direct pathways in models studied in vitro and in vivo (Brenneman et al., 1988; Toggas et al., 1994; Bagetta et al., 1996; Meucci et al., 1998) . As shown previously, coreceptors for gp120, in addition to CD4, include the chemokine receptors CXCR4 and CCR5, which are present on the surface of neurons and glial cells (Meucci et al., 1998; Kaul et al., 2001 ). Engagement of CXCR4 or CCR5 by gp120 activates intracellular signaling pathways mediating neuronal apoptosis (Lannuzel et al., 1995; Meucci et al., 1998; Kaul et al., 2007) . Previous findings showing the presence of chemokine receptors on the surface of several CNS resident cell types raise the possibility that the association of gp120 with these receptors may contribute to the pathogenesis of neurological dysfunction.
Numerous studies have demonstrated that gp120 disrupts neuronal calcium homeostasis and causes mitochondria membrane disruption, cytochrome c release, and subsequent activa-tion of caspases and endonucleases (Dreyer et al., 1990; Lannuzel et al., 1995; Mattson et al., 2005) . HIV gp120 disrupts neuronal calcium homeostasis by perturbing calcium-regulating systems in the plasma membrane and endoplasmic reticulum (ER) (Medina et al., 1999; Haughey and Mattson, 2002) . Additionally, gp120 activates macrophages and microglia, which in turn initiate a cascade of glutamate-related hyperactivation of NMDA receptors on neurons. Such activation of NMDA receptors is also known to contribute to ER stress and release of Ca 2ϩ (Lipton et al., 1991; Lei et al., 1992) . ER stress appears to act early in the cell death process (Williams, 1999) . Thus, ER stress is commonly associated with many neurodegenerative disorders (Bando et al., 2005) .
The depletion of ER Ca 2ϩ stores has been found to signal the activation of double-stranded (ds) RNA-activated protein kinase (PKR) in the SH-SY5Y neuronal cell line (Garcia et al., 2006; Shimazawa and Hara, 2006) . Furthermore, thapsigargin, which induces the depletion of intracellular Ca 2ϩ stores, leads to PKR activation (Prostko et al., 1995) and promotes neuronal apoptosis (Shimazawa and Hara, 2006; Uehara et al., 2006) . PKR is a serine/threonine protein kinase that is ubiquitously expressed in all mammalian cells at basal levels and can be induced during treatment with interferon (IFN) or other agents (Balachandran et al., 1998; Bonnet et al., 2000; Garcia et al., 2006) . PKR plays an important role in antiviral defense by IFN (Balachandran et al., 1998) and in nuclear factor B (NF-B) activation (Bonnet et al., 2000 (Bonnet et al., , 2006 Garcia et al., 2006) . This kinase also functions as a signal transducer in the proinflammatory response to multiple agents (Williams, 1999; Garcia et al., 2006) . Furthermore, PKR has been implicated in the induction of stress responses and apoptosis (Yeung et al., 1996; Srivastava et al., 1998; Williams, 1999; Garcia et al., 2006) . PKR has also been detected in the nuclei of human and murine cells (Jagus et al., 1999; Onuki et al., 2004) . Interestingly, its translocation to the nucleus in a human neuronal cell line has been associated with stress-induced apoptosis (Onuki et al., 2004; Garcia et al., 2006) .
The notion that PKR acts solely as a sensor for viral infection has been challenged by the discovery of a virus-independent activator of PKR, a cellular protein called PACT (PKR-activating protein) (Patel and Sen, 1998) . PACT binds PKR and activates PKR through a dsRNA-independent mechanism (Peters et al., 2001) . The binding of PACT to PKR promotes conformational changes that allow activation of PKR via its phosphorylation. Activated (phospho)-PKR (p-PKR) then induces the downstream signaling pathways, leading to the activation of NF-B. PACT has been proposed as an intermediate in PKR-induced apoptosis (Gilbert et al., 2002) . In fact, overexpression of PACT causes apoptosis in wild-type mouse embryonic fibroblasts, whereas transfection into fibroblasts lacking PKR does not. As expected, when PKR is cotransfected with PACT into the same PKR-deficient cells, the apoptotic response is restored (Peters et al., 2001) .
Evidence is now accumulating that proinflammatory PKR is involved in neurodegeneration, and the activated form of PKR has been detected in the brains of patients with Alzheimer's disease (Chang et al., 2002a,b; Peel and Bredesen, 2003; Suen et al., 2003; Onuki et al., 2004; Garcia et al., 2006 ), Huntington's disease (Peel et al., 2001; Bando et al., 2005 ), Parkinson's disease (Bando et al., 2005) , and amyotrophic lateral sclerosis (Hu et al., 2003; Garcia et al., 2006) . In the present investigation, our goal was to determine whether activation of proapoptotic PKR participates in HIV-1/gp120-associated neurodegeneration in a mixed rat cortical cell culture and validate our findings in autopsied brain slices from patients with HAD.
Materials and Methods
PKR knock-out mice. PKR 0/0 mice (Yang et al., 1995) were backcrossed onto the C57BL/6J genetic background in Dr. E. Raz's laboratory at University of California, San Diego (La Jolla, CA) and transferred to The Scripps Research Institute vivarium. Wild-type C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME).
Preparation and treatment of primary rat or mouse cerebrocortical cultures. Primary neurons were cultured as described previously (Kaul and Lipton, 1999) . In brief, the cerebrocortices of Sprague Dawley rat embryos at day 17 of gestation or PKR 0/0 and wild-type mouse embryos at day 15 of gestation were digested and plated on poly-L-lysine (30 -70 kDa; Sigma, St. Louis, MO) coated glass coverslips at a density of 1 ϫ 10 6 cells/ml in high-glucose DMEM supplemented with 10% bovine calf serum, 25 mg/ml streptomycin, and 2 mM glutamine.
Cells were used for experiments after 21 d in culture. These cultures contained neurons, astrocytes, and microglia/macrophages, as determined with specific immunolabeling. Cultures were transferred into Earl's balanced salt solution (EBSS) containing 1.8 mM Ca 2ϩ plus 5 M glycine and pretreated, when indicated, for 30 min with 2-aminopurine (2-AP) (Biomol, Plymouth Meeting, PA) or PKRi (Calbiochem, San Diego, CA) and then exposed to gp120 IIIb strain (Immunodiagnostic, Woburn, MA) for 24 h. Immunostaining and Western blotting were performed for additional analysis.
Human tissues. The California NeuroAIDS Tissue Network provided clinical information and postmortem tissue from HIV-infected patients, obtained under Institutional Review Board approval from University of California, San Diego. Samples from 10 HIV-infected individuals were studied, five with the clinical diagnosis of HAD and five who had AIDS but no dementia. For additional patient details, please refer to Table 1 .
Western blot analysis. Cells were lysed in buffer (20 mM Tris-Cl, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM glycerol phosphate, and 1 mM Na 3 VO 4 , with complete protease inhibitors). Protein concentration was determined with the bicinchoninic acid method, using bovine serum albumin as standard. (Iwamura et al., 2001 ). Next, immunoblots were washed, incubated with secondary anti-rabbit HRP antibodies (1:2000; GE Healthcare) for 1 h at room temperature, washed again, and developed using the chemiluminescence method (ECL plus kit; GE Healthcare). The blots were then stripped and reprobed with anti-␣-tubulin antibody (1:5000; Sigma) to assess the total protein load. Films were scanned, and the densitometry analysis was performed by using NIH ImageJ software (version 1.36b).
Double immunocytochemistry. After different treatments, cells were fixed for 25 min with ice-cold 4% paraformaldehyde (PFA) at 4°C and washed three times in PBS, at room temperature. PFA-fixed cells were permeabilized by using 0.2% Tween 20/PBS, and nonspecific binding sites were blocked by incubation for 1 h with a 10% solution of heatinactivated goat serum in 0.2% Tween 20/PBS. To specifically stain neurons, astrocytes, and microglia, cells were then incubated for 1 h at room temperature with dilutions of anti-microtubule associated protein-2 (MAP-2) (Sigma) at 1:500, glial fibrillary acidic protein (GFAP) (Sigma) at 1:400, and anti-OX-42 (Serotec, Raleigh, NC) at 1:1000. After several washes, cells were incubated for 1 h with different antibodies directed against PKR (1:250; Santa Cruz Biotechnology, Santa Cruz, CA) or PACT (1:500) (Iwamura et al., 2001) . Cells were then incubated with secondary polyclonal antibodies, Alexa Fluor 488-conjugated goat anti-rabbit (Invitrogen) at 1:500 and Rhodamine Red-X-conjugated goat anti-mouse IgG (Invitrogen) at 1:500 for 1 h at room temperature. Cells were counterstained with the fluorescent nuclear stain 4Ј6-diamidino-2-phenylindole (DAPI) (Sigma) at 1 g/ml, air dried, and mounted on glass microscope slides in Vectashield mounting media (Vector Laboratories, Peterborough, UK). Images from cells were visualized and acquired using a Zeiss (Oberkochen, Germany) Axiovert 200 inverted microscope at 40ϫ magnification and captured by using the Zeiss Axiocam HRC associated with Zeiss Axiovision 2.0.5 software package. Controls for the immunostaining experiments were performed by omitting, sequentially, each of primary antibodies to obtain negative controls for cross-reactivity or spurious secondary antibody binding.
Confocal microscopy and image analysis. For the analysis of PKR and p-PKR by confocal microscopy, cells were coimmunostained with the nuclear marker neuronal-specific nuclear protein (NeuN) (1:500; Chemicon, Temecula, CA) and PKR (1:250; Santa Cruz Biotechnology, Santa Cruz, CA) or p-PKR (1:100; Epitomics, Burlingame, CA). All images were acquired using a Rainbow Radiance 2100 Laser Scanning Confocal system attached to a Nikon (Tokyo, Japan) TE2000-U inverted microscope (Bio-Rad, Hercules, CA). Optical image slices (0.2 m interval step slices) were acquired using Laser Sharp 2000 software and then imported and further analyzed for detailed quantitative colocalization using three independent software packages: Laser Sharp (Bio-Rad), LSM examiner (Zeiss), and NIH Image J (http://rsb.info.nih.gov/ij). For each triple-labeled image (NeuN-red, PKR-green or p-PKR-green, and DAPI), NeuN-positive neuronal cells were first outlined and then were used to assess colocalization. Colocalization between two fluorescently labeled reagents (PKR-green or p-PKR-green and DAPI) was quantified by first obtaining the signal intensity threshold range of real over background signal using controls. The same approach was used for nuclear and cytoplasmic colocalization of PKR/MAP-2 and PKR/DAPI. The average real fluorescence signal threshold range was then used to define the spatial position, thus area, in the cell that the two independent fluorescent signals occupy, and this information was used to calculate the correlation coefficients (M values refers to ratio of spatial overlap as defined by the fluorescent signal) for at least 225 cells over four separate experiments. The correlation coefficient obtained were converted to a percentage representing the percent of 100 of the total area, defined by the spatial location of the fluorescently labeled PKR signal, that resides in the nucleus over the various conditions. Double immunohistochemistry. Briefly, 5 m sections of Formalinfixed, paraffin-embedded tissue were mounted on charged slides were deparaffinized and hydrated. The antigenic sites were unmasked with a 0.01 M citrate buffer, pH 6, in a steamer. Endogenous peroxidase was blocked by a 30 min treatment with 3% H 2 O 2 in 10% methanol. Nonspecific binding was blocked with 10% goat serum/0.1% Triton X-100 in PBS. Slides were incubated overnight with the primary antibody anti-PKR p [T 451 ] (1:1000; Invitrogen) and anti-NeuN (1:500; Chemicon) in PBS/10% goat serum block solution, under low agitation, at 4°C. Slides were incubated for 1 h with Alexa Fluor 488 (green) and Rhodamine Red-X (red) and then were counterstained with DAPI and mounted. Images from five fields per section (20ϫ magnification) were visualized and acquired as described above. Negative controls were performed using non-immune serum and absorption with antigen as described in Results.
Assessment of neuronal apoptosis. Cells were stained with MAP-2 and counterstained with DAPI. MAP-2 and DAPI-labeled nuclei were counted based on their nuclear morphology (apoptotic ϭ condensed nuclei) in five randomly selected fields using a 40ϫ objective using a Zeiss Axiovert 200 microscope, and neuronal apoptosis results were expressed on a graph by using Prism software (GraphPad Software, San Diego, CA).
Caspase-3 activity. Cultures were transferred into EBSS containing 1.8 mM Ca 2ϩ , 5 mM glycine, pretreated with PKRi or caspase-3 inhibitor [Ac-IETD-CHO (N-Acetyl-Ile-Glu-Thr-Asp-aldehyde)] for 30 min, and then exposed to gp120 for 24 h unless mentioned otherwise in the figure legends. NMDA at 100 M was added for only 10 min and was used as the positive control for caspase-3 activation. We then performed the assay with a Promega (Madison, WI) kit according to the protocol and recommendation of the manufacturer. Caspase-3 activity was determined using a Multilabel Counter 1420 Victor (PerkinElmer, Boston, MA). Relative fluorescence units were normalized by considering the average of control fluorescence data.
Statistical analysis. Statistical analysis was performed using GraphPad Software Instat. All experiments were repeated at least three times, unless otherwise stated. Data were analyzed by an ANOVA (one-way) followed by post hoc Tukey's test to make all possible comparisons. Data were expressed as means Ϯ SEM, and significance was assessed at p Ͻ 0.05.
Results

PACT is expressed in neurons
Intracellular PKR is often activated by virally derived dsRNA. Although neurons are not infected by HIV, it is known that PKR can be activated in a dsRNA-independent manner. The endogenous PKR activator is PACT. To determine whether PACT was present and induced in neurons, immunostaining was performed, and protein extracts were prepared from cortical cell cultures that had been subjected to gp120 in a time course manner. PACT protein expression was present, but its level was not significantly changed after exposure to gp120 (data not shown). Staining with anti-PACT antibody illustrated its expression in neurons (Fig. 1a,b) .
PKR induction in cultures exposed to gp120
Because the level of PKR expression generally increases before its activation (Williams, 1999; Bonnet et al., 2000; Garcia et al., 2006) , we first examined whether PKR is induced in rat mixed cortical cell cultures exposed to gp120. Western blot analysis (Fig.  1c,d ) revealed that gp120 exposure resulted in an increase in PKR protein levels, with a maximum of a 3.2 Ϯ 0.2-fold increase after 9 h (Fig. 1d) .
Glial cells are required for gp120 to execute its neurotoxic effects on neurons in our mixed cortical culture model (Kaul and Lipton, 1999) . To determine whether PKR induction occurred in glia or neurons, double-immunofluorescence analysis was performed ( Fig. 1e-j) . The results revealed that Ͼ95% of the cells in which total PKR (green fluorescence) was upregulated after exposure to gp120 for 9 h were neurons (MAP-2 positive) (Fig.  1f, white arrows) . Of all MAP-2-positive neurons, 36 Ϯ 1.1% showed upregulated PKR, but PKR was not induced in some neurons (Fig. 1f, pink arrows) . In these mixed cultures, other than neurons, few other cell types expressed PKR (Fig. 1f, blue arrow) . Double-immunofluorescence analysis indicated that these were astrocytes (GFAP positive); only a small percentage (2 Ϯ 0.9%) of the GFAP-positive astrocytes expressed PKR, and, in general, they expressed low levels of PKR (Fig. 1h , pink arrows) compared with that found in neurons (the non-GFAP reactive cells) (Fig.  1h, blue arrows) . Next, to determine whether PKR was upregulated in microglia cells, we double stained with antibodies directed against microglia (OX-42) and total PKR in mixed cortical cell cultures. However, these microglial cells did not express PKR in response to gp120 (Fig. 1j , pink arrows). All these outcomes (Fig. 1e-j) demonstrated that the upregulation of PKR, detected by Western blot analysis (Fig. 1c,d ), appeared predominantly in neurons and suggest that PKR, as a stress kinase, may be implicated in the neuronal response to gp120-treated neuroglial cultures.
PKR activity is a prominent factor in gp120 neurotoxicity
From previous studies, it is known that exposure to gp120 induces the degeneration of rat neurons. In accord, our results demonstrated that gp120 (200 pM) effectively provoked apoptosis of these cells in culture (29.6 Ϯ 1.2% compared with the basal level of 8.6 Ϯ 0.6%) (Fig. 2a) . To examine our hypothesis that proapoptotic p-PKR plays a role in this context, we evaluated an inhibitor of PKR, 2-AP, which shows specificity for PKR at low millimolar levels (Huang et al., 2003) . When added to the cultures, 1 mM 2-AP significantly abrogated the neuronal death induced by gp120 (12.1 Ϯ 0.8%). Next, we tested a newly described, higher-affinity specific inhibitor of PKR [8-(imidazol-4-ylmethylene)-6 H-azolidino [5,4-g] benzothiazol-7-one], which has an imidazole structure (referred to here as PKRi) and has been shown to inhibit RNA-induced PKR autophosphorylation (Jammi et al., 2003; Shimazawa and Hara, 2006) . In initial control experiments, concentrations of 2, 20, and 200 nM PKRi did not cause neurotoxicity themselves, but, at concentrations Ն2 ϫ 10 3 nM, toxicity was evident (Fig. 2b) . Thus, we studied the effect of 2-200 nM PKRi on gp120-induced neurotoxicity in cortical cell cultures. We found that 2 and 20 nM PKRi (Fig. 2c) partially protected neurons (reducing gp120 neurotoxicity from 32.1 Ϯ 2.1% to 23.6 Ϯ 0.9 and 12.3 Ϯ 0.8%, respectively), whereas 200 nM PKRi more completely protected against gp120 neurotoxicity (9 Ϯ 0.8% toxicity compared with the basal level of 6.3 Ϯ 0.6%). The reduction in toxicity at all concentrations of PKRi was significant. These results demonstrated that this type of cell death could be prevented by inactivating PKR.
Because pharmacological inhibitors may not be perfectly selective for their targets, we next sought a molecular approach to determine whether PKR contributed to gp120-induced neuronal damage. We therefore tested whether cortical cultures deficient in PKR could avoid apoptosis signaling triggered by gp120. Thus, we compared the neurotoxicity induced by gp120 in cortical cell cultures from PKR knock-out mice (PKR 0/0 ) with that obtained from wild-type mice (Yeung et al., 1996) . PKR 0/0 cortical cultures exposed to gp120 manifest threefold lower neurotoxicity (Fig. 2d,  10 .9 Ϯ 0.6% vs basal level 7.1 Ϯ 0.7%) than the similarly gp120 exposed wild-type cultures (Fig. 2d, 33 .3 Ϯ 2.2% vs basal level 7 Ϯ 0.5%). For both genotypes, the use of heat-inactivated gp120 did not result in increased neurotoxicity. Together with the above results using inhibitors, these data are therefore consistent with PKR playing a central role in gp120-induced neuronal apoptosis.
gp120 induces the activation of PKR and its nuclear translocation
In the brains of individuals with Huntington's disease, p-PKR is located predominantly in neuronal nuclei (Peel et al., 2001 ). Moreover, it has been reported that an agent inducing ER stressmediated apoptosis (tunicamycin) is able to induce PKR translocation from cytoplasm to nucleus in a neuronal cell line (Onuki et al., 2004) . To assess whether gp120 has a similar effect, we first tested whether exposure to gp120 induces PKR nuclear translo- Western blot analysis was performed on lysates, using ␣-tubulin as the loading control. d, Ratios between total PKR and ␣-tubulin were normalized to the value at time 0 h, and mean Ϯ SEM (n ϭ 4) is shown. ***p Ͻ 0.001. e, f, Double immunostaining with MAP-2 (red) and PKR (green) antibodies of control cortical cell cultures (untreated) and those exposed to gp120 for 9 h. Upregulated PKR (green) in neurons is indicated with white arrows and in glia with blue arrows. Neurons (red) without PKR induction are indicated with pink arrows. Analysis of 2000 neurons showed that the PKR is upregulated in 36 Ϯ 1.1% of neurons exposed to gp120 for 9 h. g, h, Double immunostaining of cortical cultures exposed to gp120 with GFAP (red) and PKR (green) antibodies. Blue arrows indicate PKR induction in nonastrocytic cells, and pink arrows indicate astrocytes with extremely low PKR expression. i, j, Double immunostaining with OX-42 (specific for microglia, red) and with PKR (green). PKR upregulation in nonmicroglial cells (blue arrows) and microglia without PKR expression are indicated with pink arrows. In the cultures exposed to gp120 (f, h, j), higher-magnification images of the area outlined in yellow are shown in the insets. Scale bars, 20 m.
cation. Indeed, the data demonstrate that, in neurons exposed to gp120 for 24 h, the PKR cytoplasmic/nucleus ratio was decreased by 79.9 Ϯ 11.9%, indicating the increased nuclear localization of PKR (Fig. 3a) . Next, we quantified the gp120-induced change in the localization of PKR in neuronal nuclei. Data obtained from confocal imaging illustrated that total PKR is increased by 28.9 Ϯ 1.2% in neuronal nuclei after exposure to gp120 for 24 h (Fig.  3b,c) .
Because we found that the activity of PKR was necessary for gp120-induced neuronal death, we then examined whether the active form of PKR was translocated to neuronal nuclei after exposure to gp120. In addition, because NMDA receptor activation is a known mediator of HIV-induced neurotoxicity, we tested whether the gp120-induced PKR translocation may be prevented by using an antagonist of the NMDA receptor (MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate]). Confocal analysis revealed that p-PKR was significantly more abundant in neurons exposed to gp120 for 24 h (Fig. 3d,e) . As expected, the increase of p-PKR in neuronal nuclei was blocked by the presence of PKRi at 200 nM. Interestingly, MK-801 at 10 M also blocked the nuclear increase of p-PKR (Fig. 3e) , indicating that NMDA signaling is an important pathway in gp120-inducing neuronal death and upstream of PKR signaling pathway.
PKRi inhibits caspase-3 activity induced by gp120
Both PKR-and gp120-induced apoptosis are linked to caspase-3 activity (Garden et al., 2002; Suen et al., 2003; Garcia et al., 2006; Scheuner et al., 2006) . To better verify the potential role of PKR in gp120-induced caspase-3 activation in neurons, we examined whether inactivation of PKR has an inhibitory effect on caspase-3 activation. For that purpose, we measured caspase-3 activity in rat cerebrocortical cultures pretreated with PKRi and then exposed to gp120. The results indicated that the increased level of caspase-3 activity caused by gp120 was significantly ( p Ͻ 0.001) reduced (statistically indistinguishable from control levels) in the presence of 200 nM PKRi (Fig. 4) . These results are consistent with the notion that the inactivation of PKR inhibits caspase-3 activity induced by gp120 and that PKR acts as an intracellular mediator for gp120, eliciting caspase activation and subsequent induction of neuronal apoptosis.
Furthermore, because the caspase-3 activity was measured in mixed cortical cultures, we then analyzed the presence of activated caspase-3 in neurons using confocal imaging, revealing that the activated form of caspase-3 is localized within MAP-2-positive cells after exposure to gp120 (data not shown), as has been reported previously (Garden et al., 2002) . Our experiments have now expanded these studies to show the dependence on PKR, because the increased level of activated caspase-3 induced in neurons exposed to gp120 is reduced significantly in the presence of PKRi (Fig. 4) .
p-PKR in brains of HAD patients
To correlate the results of our experimental model with HAD, we performed immunohistochemical analysis to detect p-PKR in samples from human brains. Indeed, p-PKR was completely absent (Fig. 5a-c) from the brain tissues of patients who were HIV positive but did not have HAD, but in sections of HAD-positive patients (Fig. 5d-f ) p-PKR colocalized with the neuronal marker NeuN. Substitution of the primary antiserum with normal goat serum (data not shown) or incubation of the p-PKR antibody with p-PKR peptide (pp-PKR) (Fig.  5g-i ) obliterated the staining in tissues from the patients with HAD. In addition to the data obtained from hippocampus ( Fig.  5a-i) , similar results were obtained on brain sections from both cortex and basal ganglia (data not shown). This finding confirms the presence of activated PKR in the brains of individuals with HAD and supports the possible contribution of PKR to HIV neuropathology.
Discussion
In the current study, we propose a novel mechanism implicating PKR activation in HIV-associated neurodegeneration, a hallmark of HAD. We demonstrate for the first time that PKR activity is turned on during neuronal apoptosis. Moreover, the neurotoxicity of gp120 is significantly reduced in cultures of cortical cells deficient in PKR or completely when treated with PKR-specific inhibitors. It is possible that PKR is activated downstream of gp120 signaling directly on neurons or, alternatively, via glial toxins acting on neurons, e.g., via NMDA receptor activation (Fig. 6) . Previous data support the NMDA pathway as the predominant one in HIV/gp120-induced neurotoxicity (Lipton et al., 1991; Lei et al., 1992; Kaul and Lipton, 1999) . Furthermore, our results (Fig. 3e) determined that the NMDA receptor is involved in the neurotoxic PKR signaling. Importantly, our in vitro studies correlate with the increased p-PKR found in the brains of Figure 2 . Prominent role of PKR in gp120 neurotoxicity. When indicated, cortical cell cultures were pretreated with an inhibitor of PKR (30 min) and then exposed to gp120 (200 pM). Immunostaining was performed with an antibody directed against MAP-2 to identify neurons and DAPI for nuclear staining. Apoptotic nuclei were counted from different regions on coverslips. a, 2-AP (1 mM) completely protected neurons against toxicity induced by gp120. 2-AP by itself was not neurotoxic. ***p Ͻ 0.001 for n ϭ 4 experiments. b, PKRi was nontoxic at 2, 20, and 200 nM but became toxic at in the micromolar range. ***p Ͻ 0.001, **p Ͻ 0.01 for n ϭ 3 experiments. c, PKRi (2-200 nM) abrogated gp120 neurotoxicity in a dose-dependent manner. Heat-inactivated gp120 (inact gp120) served as a control (Cont.) and was not neurotoxic. ***p Ͻ 0.001, **p Ͻ 0.01 for n ϭ 4 experiments. d, Only minimal neurotoxicity occurs in cortical cultures from PKR knock-out mice versus wild type (the phenotypic appearance of PKR 0/0 cultures resembled that of wild-type mouse and rat cortical cell cultures; data not shown). Heat-inactivated (inact) gp120 was used as a negative control for the neurotoxicity experiments. ***p Ͻ 0.001, **p Ͻ 0.01 for n ϭ 4 experiments. All values are mean Ϯ SEM.
patients with HAD, suggesting the pathophysiological relevance of this new cell death pathway.
Until recently, the only known PKR inducers were lipopolysaccharide, serum starvation, or cytokines, such as IFN-␣, -␤, and -␥, tumor necrosis factor-␣, and interleukin-1␤ (Peel, 2004; Takada et al., 2007) . Here, we report gp120 as a new inducer of PKR activity that contributes to neuronal apoptosis. Our results show that PKR was induced almost exclusively in neurons and only to a minor degree in a small number of astrocytes. PKR upregulation by itself can potentiate its own activation (Bonnet et al., 2000) and promote apoptosis. We found that, after gp120 exposure, the PKR activation in neurons contributes to the downstream activation of a caspase-3-dependent apoptotic signaling cascade. In addition to PKR upregulation by gp120, the presence of PACT in neurons may potentiate PKR activation and signaling in neuronal apoptosis. PACT is known to mediate stress-induced apoptosis and therefore may amplify neuronal apoptosis under our conditions. To identify the mechanism of PACT activity in gp120-induced neurodegeneration, additional research needs to examine the neurotoxicity induced by gp120 on cultures derived from PACT and double PACT/PKR knock-out mice.
We also sought to determine whether the upregulation and activation of PKR contributed to neuronal apoptosis. We therefore used two pharmacological inhibitors, 2-AP and PKRi, and found that both abrogated neuronal apoptosis induced by gp120. We further validated this hypothesis by showing that gp120 neurotoxicity was essentially abrogated in cells genetically deficient in PKR. Although other studies are needed to assess whether gp120 may be working through chemokine receptors, analysis of both brain tissue as well as the mixed cultures derived from PKRdeficient mice revealed no change in CXCR4 or CCR5 expression levels (our unpublished data).
Thus, activation of PKR appears to exert a central function in gp120-associated neurodegeneration in mixed cortical cell cul- Figure 3 . PKR and p-PKR translocation to nucleus in neurons exposed to gp120. a, PKR colocalization with MAP-2 (cytoplasmic) and DAPI (nuclear) illustrates the PKR translocation to nuclei in cultures exposed to gp120. ***p Ͻ 0.001 for n ϭ 4 experiments. b, Images acquired using confocal microscopy of neurons (NeuN positive; red) exposed to gp120 for 24 h with PKR (green) and counterstained with DAPI. Colocalized PKR with NeuN is shown in white in the far right panels. c, PKR colocalization with NeuN revealed an increase of PKR in nuclei after exposure to gp120 for 24 h. ***p Ͻ 0.001 for n ϭ 4 experiments. d, Images acquired using confocal microscopy of neurons (NeuN positive, red) exposed to gp120 for 24 h with p-PKR (green) and counterstained with DAPI. Colocalized p-PKR with NeuN is shown in white in the far right panels. e, Increased colocalization of p-PKR and NeuN in neurons exposed to gp120 after 24 h, which is abrogated in the presence of PKRi or MK-801. ***p Ͻ 0.001 for n ϭ 4 experiments. Cont., Control. All values are mean Ϯ SEM. . PKR inactivation inhibits caspase-3 activity induced by gp120. Cultures were pretreated with 200 nM PKRi and then exposed to gp120 for 18 h. PKRi pretreatment in cortical cultures reduced caspase-3 activity induced by gp120. NMDA (100 M for 10 min) was used as a positive control for activating caspase-3. Z-VAD-FMK (N-benzyloxycarbonyl-Val-Ala-Aspfluoromethylketone) (an irreversible inhibitor of caspase-3 activity) was used as a negative control for the assay. ***p Ͻ 0.001 for n ϭ 4 experiments. Values are mean Ϯ SEM fold increase in activity.
tures. Additionally, we found that PKR activation was associated with its translocation to nucleus during gp120 treatment. Clearly, PKR and its activation are necessary for gp120 induction of neuronal apoptosis. Hence, activated PKR not only plays a role in neurodegeneration induced by gp120 but is also a potential target for therapeutic intervention against HAD. Additionally, we showed that caspase-3 activation, known to occur during gp120-induced neuronal apoptosis (Garden et al., 2002) , was diminished by PKR inhibitors.
Importantly, the presence of phosphorylated/activated PKR in specimens of HAD postmortem brain, but not specimens from those with HIV but not dementia, supports the notion that HIV/gp120-activated PKR may play a role in HAD pathogenesis. The presence of p-PKR was shown previously in other neurodegenerative diseases (Peel et al., 2001; Peel and Bredesen, 2003; Onuki et al., 2004; Bando et al., 2005) , and here we show for the first time a potential role in HIV-associated neurodegeneration. Notably, total PKR was localized throughout the cytosol of neurons that were not exposed to gp120, but nuclear localization of PKR, especially p-PKR, was greater in neurons exposed to gp120. Furthermore, analysis of human postmortem brain also indicated the presence of the activated form of PKR mostly in neuronal nuclei, suggesting that PKR might be translocated into these nuclei to target nuclear substrates such as the transcription factor p53. These findings are consistent with previous work that had shown that, although unphosphorylated PKR is more highly expressed in the cytosol than in the nucleus, during activation by dsRNA, phosphorylated PKR translocates to the nucleus (Takizawa et al., 2000) . This would explain our results in which staining of phosphorylated PKR was greatest in the neuronal nuclei of brain samples from patients with HAD. However, the possibility remains that the staining was altered by postmortem events.
Our demonstration that gp120 activates the PKR signaling pathway adds to our knowledge regarding the mechanisms of HIV-induced neuropathogenesis. However, we do not known whether PKR is activated by a direct pathway in neurons or through an indirect pathway. Regardless, gp120 leads to PKR activation and subsequent caspase-3 activity in neurons (Fig. 6 ). It will be important for future studies to examine other PKR substrates that may potentially contribute to neuronal apoptosis, including eukaryotic initia- Figure 6 . Model of PKR activation in HIV-1/gp120 induced-neuronal apoptosis. Direct or indirect effects of gp120 may mediate PKR induction in neurons, in which the presence of PACT can lead to activation PKR in the absence of dsRNA. Phospho/activated-PKR induces caspase-3 activation, which mediates neuronal apoptosis. gp120 can activate chemokine receptors that function as CD4 coreceptors (such as CXCR4 and CCR5) to evoke Ca 2ϩ release from ER stores and may activate PKR. Caspase-3 activation can also be induced by gp120 through a mechanism independent of PKR activation, such as ER stress resulting from toxins released by infected or immune-stimulated macrophage/microglia. tion factor 2␣, E2 promoter binding factor-1 (E2F-1), p53, or p38 mitogen-activated protein kinase (MAPK) (Chang et al., 2002a,b; Suen et al., 2003; Garcia et al., 2006) . Because gp120 is also known to activate p38 MAPK (Kaul and Lipton, 1999; Kaul et al., 2001 Kaul et al., , 2007 and transcription factors such as E2F-1 and p53 in neurons (Khan et al., 2003; Garden et al., 2004) , it is possible that PKR plays a role in this activation. Moreover, inhibition of protein translation through PKR activation might have an impact on the de novo synthesis of proteins attributable to changes of protein patterns in the cells. For example, cycloheximide depresses overall protein synthesis, whereas it increases the synthesis of ␣ Ca 2ϩ / calmodulin dependant kinase II at developing synaptic contacts (Scheetz et al., 2000) .
In conclusion, the concordance between our results on cultured rodent cerebrocortical cells and autopsy material from humans with HAD suggests that PKR and downstream effectors may participate in the pathogenesis of HAD. Thus, this newly recognized pathway to neuronal damage and cell death may offer a novel target for therapeutic intervention in HAD. PACT/PKR interactions may be an important phase to consider in all HIVassociated neurodegeneration. Identifying the mechanisms of PKR activation by gp120 may yield important insights, hypotheses, and alternative drugs to control the initial triggers and early events that promote the progression of this devastating disease.
